Please cite this article as: Alsved M, Civilis A, Ekolind P, Tammelin A, Andersson AE, Jakobsson J, Svensson T, Ramstorp M, Sadrizadeh S, Larsson P-A, Bohgard M, Šantl-Temkiv T, Löndahl J, Temperature controlled airflow ventilation in operating rooms compared with laminar airflow and turbulent mixed airflow, Journal of Hospital Infection (2017), ABSTRACT 29 30 Aim: To evaluate three types of ventilation systems for operating rooms with respect to air 31 cleanliness (in colony forming units, CFU/m 3 ), energy consumption, and working 32 environment comfort (noise and draught) as reported by surgical team members. 33 34 Methods: Two commonly used ventilation systems, vertical laminar airflow (LAF) and 35 turbulent mixed airflow (TMA), were compared with a newly developed ventilation 36 technique: temperature controlled airflow (T c AF). CFU concentrations were measured at three 37 locations in an operating room during 45 orthopaedic surgeries: close to the wound (<40 cm), 38 at the instrument table, and peripherally in the room. The operating team evaluated the 39 working environment comfort by answering a questionnaire. 40 41 Findings: We showed that LAF and T c AF, but not TMA, resulted in less than 10 CFU/m 3 at 42 all measurement locations in the room during ongoing surgery. Median values of CFU/m 3 43 close to the wound (250 samples) were 0 for LAF, 1 for T c AF and 10 for TMA. Peripherally 44 in the room, the CFU concentrations were lowest for T c AF. The CFU concentrations did not 45 scale proportionally with airflow rates. Compared to LAF, T c AF's power consumption was 46 28% lower and there was significantly less disturbance from noise and draught. 47 48 Conclusion: T c AF and LAF remove bacteria more efficiently from the air than TMA, 49 especially close to the wound and instrument table. Like LAF, the new T c AF ventilation 50 system maintained very low levels of CFU in the air, but T c AF used substantially less energy 51 and provided a more comfortable working environment than LAF. This enables energy 52 savings with preserved air quality. 53 54 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Keywords: Surgical site infection, BioTrak, fluorescence, energy efficiency, temperature controlled 55 ventilation, air sampling 56 than the 1.5°C warmer surrounding air. The cooled and filtered inlet air is introduced from 132 eight spherically shaped air diffusers mounted in a circle, creating an ultra-clean zone that 133 expands from the centre of the room (Figure 1c). Surrounding the cooled central airflow, 134 157 hours at 35°C and the CFU were subsequently counted and divided into major species by the 158 Clinical Bacteriological Laboratory at the University Hospital, Lund, Sweden. During CFU 159
Air with a low concentration of viable bacteria in the operating room (OR) has long been 58 known as one of the key factors to prevent deep surgical site infections (SSIs) [1, 2] . With the 59 increasing occurrence of antibiotic resistant bacteria that cause SSIs, we can no longer rely on 60 antibiotic prophylaxis. Thus other measures, such as ventilation of the OR, have to be as 61 efficient as possible. Charnley at al. [2] improved the microbiological air quality by 62 introducing low-turbulence displacement airflow facilities resulting in a reduction of the 63 infection incidence from 8.9% to 1.3% in orthopaedic surgeries. The ventilation air 64 introduced into the room is filtered and free from bacteria. This means that the main sources 65 of airborne bacteria in the OR are particle shedding from the surgical team and from outside 66 air that enters during door openings. 67 68 Traditionally, two main types of ventilation have been used to provide low levels of colony 69 forming units (CFU) in the OR air: laminar airflow (LAF) and turbulent mixed airflow 70 (TMA). In most studies that measure airborne bacterial loads, LAF ventilation appears to be 71 superior to mixed ventilation [3] [4] [5] [6] . However in recent years, epidemiologic registry studies 72 have shown that the SSI risk after surgery in LAF is equal to TMA, or even higher [7, 8] , and 73 for this reason the World Health Organization (WHO) stated that LAF should not be used for 74 total arthroplasty surgery [9] . The WHO recommendation is conditional, since there is very 75 limited evidence on the efficiency of different ventilation systems with regard to the incidence 76 of SSIs [9] . Consequently, there is an urgent need for more evidence to enhance and facilitate 77 decision making about ventilation techniques when building new hospitals and renovating old 78 ones. The aim of this study was to compare three ventilation techniques for operating rooms, 81 focusing on evaluation of a new technique that uses temperature controlled airflow (T c AF). 82 We compared T c AF with the conventional LAF and TMA ventilation systems regarding the 83 amount of airborne CFU in the operating room, energy consumption, and the working 84 environment of the staff. We also included other known parameters reported to affect the 85 amount of CFU: number of staff in the room, number of door openings, and operating time 86 duration [5, [10] [11] [12] [13] [14] . Study design 90 Measurements were carried out in three ORs between January 2015 and February 2016 at the 91 Orthopaedic Surgery Department, Helsingborg General Hospital, Sweden. It is an acute care 92 hospital where approximately 2500 orthopaedic surgery procedures are performed annually. 93 The only difference between the ORs was the type of ventilation systems: TMA, LAF, or 94 T c AF. In total, 45 operations were included, 15 performed in each OR. The procedures were 95 the same in each OR: 7 wrist fractures, 2 shoulder arthroscopies, and 6 hip fracture fixations. 96 During all operations, the staff wore similar clothing of mixed material (69% cotton, 30% 97 polyester, 1% carbon fiber, Mertex P-3477®, Mercan AB) with wristlets at ankles, upper 98 arms and neckline, the shirt tucked in the trousers, and a disposable surgical hood tucked in 99 the neck. Turbulent mixed airflow (TMA) is based on the dilution principle: the airflow is introduced 113 through a high-efficiency particulate air (HEPA) filter to dilute the contamination to a lower 114 level. This entails an exponential decay of high concentrations of airborne microbes over time. 115 Because of turbulent mixing, the concentration will be quite uniform in the entire OR. In this 116 study, the air entered through a panel along the top of a wall in the OR with TMA, and exited 117 close to the floor in the corners of the opposite wall ( Figure 1a ). Sampling and quantification of cultivable airborne bacteria 144 We measured airborne bacteria at three locations: close to the wound, at the instrument table 145 and in the periphery of the room. Colony forming units (CFU) were used as a measure of 146 viable airborne bacterial loads. The CFU concentration, at a distance of ≤40 cm from the 147 wound, was determined by air sampling on vertically oriented 80 mm diameter gelatine filters 148 (MD8 airscan, Sartorius GmbH, Göttingen, Germany). Immediately after sampling, the filter 149 was transferred to a blood agar culture medium. CFU concentrations at the instrument table 150 and in the periphery of the room were measured by direct impaction of airborne cells on blood 151 agar petri dishes with rotating slit samplers (Impactor FH5, Klotz GmbH, Bad Liebenzell, The CFU concentrations in the different ventilation systems cannot solely be explained by the 210 differences in airflow rates. This is shown by the comparison of the measured CFU 211 concentrations and the general assumption that the CFU concentration is inversely 212 proportional to the airflow rate ( Figure 4 ). For instance, T c AF only had twice the airflow of 213 TMA, but one-tenth the CFU concentration at the wound (Figure 3 , Table I ). Similarly, LAF 214 had four times higher airflow than TMA, but the CFU values were less than a twentieth at the 215 wound. Thus, T c AF and LAF use the airflow more efficiently than TMA to remove bacteria. 216 Consequently, the higher energy consumption by LAF and T c AF were small compared to the 217 lowering of CFU concentration: T c AF and LAF used 2 and 3 times more energy than TMA, 218 respectively (Table I) .
220
The effect of door openings on CFU concentration levels 221 We found no significant correlations between the total number of door openings per surgery (Table I) . 227 Other parameters that were investigated included the number of people present in the room, 228 which had low variation (Table I) , and the length of the operation (median 70 min, range 40-229 120 min), but no significant correlations were found in either case. Ultra-clean air, defined as air with less than 10 CFU/m 3 , is suggested for implant surgery and 241 infection-prone surgery to minimize surgical site infections [1] . We found that LAF and T c AF 242 provided air cleanliness below this limit in the entire OR during surgery. The CFU 243 concentrations in TMA were higher than the recommended limit at all positions in the room, 244 which compromises its usage for infection-sensitive surgery. Differences in airflow rates for 245 the three ventilation techniques influenced the CFU concentrations, but it does not fully 246 explain the differences between the CFU values obtained. T c AF and LAF had airflow rates 247 that were 2 and 4 times higher than for TMA, but provided CFU concentrations that were 4-248 20 times lower, with the exception of the peripheral room location in LAF. Hence, it is clear 249 that both airflow rate and direction of the airflow determine the CFU concentrations for the 250 ventilation techniques and that T c AF and LAF are more efficient in removing bacteria than 251 TMA. By directing the clean incoming airflows strategically, there is a potential for lowering 252 the airflow rates, leading to energy savings that are beneficial for both the hospital's economy 253 and the environment. Another possible advantage of using lower airflows in the operating 254 room is that it might reduce the cooling effect and thus decreases the risk for patient 255 hypothermia, which has been shown to be a risk factor for SSI [15] . 256 
257
The CFU measurement results showed substantial variations during and between operations, 258 and neither the number of door openings nor people present during surgery correlated with 259 CFU concentrations. The large variations could be due to individual variations in microbial 260 particle shedding, and the degree of activity, which was also found in an earlier study [10] . 261 The overall low CFU levels in our study, compared to for example the results by Agodi et Using CFU as a measure of airborne microbial load, which is a common standard in hospital 286 hygiene, can be questioned as only a small fraction of all bacteria are cultivable [18] . Thus, 287 there is a risk that bacterial cells that are viable and potentially infectious, but unable to grow 288 M A N U S C R I P T
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on nutrition plates, will be missed by cultivation techniques (CFU). Clarke et al. [19] used 289 polymerase chain reaction (PCR), which is a molecular cultivation-independent technique, to 290 assess the presence of specific DNA sequences in the environment, and compared it with 291 CFUs for analysing tissue samples. They showed that in several cases no bacteria were found 292 using CFU while the PCR analysis gave positive results. However, PCR does not provide 293 information on viability, and thus should be used rather as a complement to other methods. 294 Our measurement comparison of a real-time viable particle counter (BioTrak) and CFU/m 3 295 showed no correlation ( Figure D.1 ), yet it was clear that the BioTrak measured substantially 296 higher concentrations (range: 0-544 viable particle counts/m 3 ) of bacterial particles in the air. Table   2 , the presence of the following genera were detected at single events: Moraxella, Acinetobacter, Corynebacterium, Lactobacillus and mold. 
APPENDIX D -COMPARISON OF CFU MEASUREMENTS WITH FLUORESCENT VIABLE COUNTS

BY THE BIOTRAK Method
A comparison of methods for determining the amount of airborne microbial particle concentration was performed of CFU concentrations measured by a slit sampler and viable particle concentration measured by BioTrak. The two air samplers were positioned side by side and measured in parallel during surgery in the operating rooms. Measurements were done during orthopedic surgeries in the ORs with LAF and T c AF ventilation.
Results
No correlation was found between the two methods, which could be expected since they use totally different measures. However, it was clear that the BioTrak measures higher values of airborne bacteria than the slit sampler, with median values of 113 viable particles/m 3 compared to 3 CFU/m 3 ( Figure   S3 ). [1] Li C-S Evaluation of microbial samplers for bacterial microorganisms. 
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